Protein folding by Hsp70 is tightly controlled by cochaperones, including J-domain proteins that trigger ATP hydrolysis and nucleotide exchange factors (NEFs) that remove ADP from Hsp70. Here we present the crystal structure of the yeast NEF Sse1p (Hsp110) in complex with the nucleotide-binding domain (NBD) of Hsp70. Hsp110 proteins are homologous to Hsp70s and consist of an NBD, a b sandwich domain, and a three helix bundle domain (3HBD). In the complex, the NBD of Sse1p is ATP bound, and together with the 3HBD it embraces the NBD of Hsp70, inducing opening and the release of bound ADP from Hsp70. Mutations that abolish NEF activity are lethal, thus defining nucleotide exchange on Hsp70 as an essential function of Sse1p. Our data suggest that Sse1p does not employ the nucleotide-dependent allostery and peptide-binding mode of canonical Hsp70s, and that direct interactions of substrate with Sse1p may support Hsp70-assisted protein folding in a cooperative process.
INTRODUCTION
Members of the Hsp70 family of molecular chaperones are found in eukaryotes, eubacteria, and some archaea. They participate in a multitude of cellular processes, including protein folding, prevention of aggregation, protein transport across membranes, and protein degradation Hartl and HayerHartl, 2002) . All Hsp70 homologs share a common architecture comprising an N-terminal ATP-binding domain with similarity to actin and a peptide-binding domain (PBD) that is composed of a b sandwich part and an a-helical bundle (Mayer and Bukau, 2005) . In canonical Hsp70 proteins, including the prokaryotic DnaK and the eukaryotic orthologs Hsp70 and BiP, the nucleotide-binding domain (NBD) acts as a switch in regulating substrate binding and release by the PBD. In the ATP state, peptide binding is dynamic, while in the ADP and the apo state, hydrophobic sequences exposed by unfolded proteins are stably bound. Alternation between these two conformational states defines a cycle of substrate binding and release that facilitates folding, i.e., the burial of hydrophobic binding motifs within the core of the substrate protein. Hsp70-mediated folding may be accelerated relative to spontaneous folding, but how this is achieved is still unclear. Hsp70 binding and release may prevent the formation of reversible aggregates that slow folding or may promote unfolding of kinetically trapped species.
Canonical Hsp70 proteins have a low intrinsic ATPase activity that can be activated by unfolded substrate proteins and by cochaperones of the J-domain family (Mayer and Bukau, 2005) . Eukaryotes express a large complement of specialized modular J-domain proteins, which recruit Hsp70 to specific substrate proteins in distinct cellular locations (Young et al., 2003) . While the J-domain proteins accelerate the step of ATP hydrolysis, the release of tightly bound ADP is accelerated by nucleotide exchange factors (NEFs) (Liberek et al., 1991; Szabo et al., 1994) . Four evolutionarily unrelated groups of NEFs have been identified: homologs of the E. coli protein GrpE, which occur in eubacteria and organelles of prokaryotic origin, BAG domain proteins, HspBP1/Fes1p homologs, and Hsp110/Grp170 family proteins (Hö hfeld and Jentsch, 1997; Kabani et al., 2002; Steel et al., 2004) . HspBP1 homologs and Hsp110 proteins coexist in the cytosol and the ER of most eukaryotes. These NEF proteins are only partially redundant and fulfill specialized roles. For example, overexpression of Fes1p cannot fully complement the combined loss of the Hsp110 homologs Sse1p and Sse2p in S. cerevisiae (Raviol et al., 2006b) . Sse2p is a stress-inducible isoform, closely related to the constitutively expressed Sse1p. Dysfunction of the ER homolog of HspBP1 (Sil1/BAP) causes the rare inherited neurodegenerative disease Marinesco-Sjö gren syndrome, despite the presence of an intact Grp170 gene (Anttonen et al., 2005; Senderek et al., 2005) , again pointing to a specialization of NEFs. While the other Hsp70 NEFs consist mostly of an Hsp70-binding domain, Hsp110/Grp170 proteins are themselves Hsp70 homologs and as such were reported to bind and stabilize unfolded proteins (Goeckeler et al., 2002; Oh et al., 1997 Oh et al., , 1999 . However, Hsp110 homologs were found unable to fold proteins independently of regular Hsp70s (Easton et al., 2000) . Furthermore, Hsp110/Grp170 sequences are much more divergent than those of the highly conserved canonical Hsp70s. Additionally, all Hsp110/Grp170 proteins share a large insertion in the b sandwich domain and a C-terminal extension, features that are not present in canonical Hsp70s (Easton et al., 2000) . The recently determined crystal structure of Sse1p in the ATP state confirmed the Hsp70-like domain composition of Hsp110 (Liu and Hendrickson, 2007) . The domains were found to assume an intriguing spatial arrangement, with the NBD and PBD being tightly associated. In particular, the a-helical part of the PBD does not form a ''lid'' over the peptide-binding pocket, as observed in the structure of the isolated PBD of Hsp70 (Zhu et al., 1996) , but instead interacts with the flank of the NBD and points away from the b sandwich domain.
Here, we present the crystal structure of Sse1p in complex with the NBD of human Hsp70 (Hsp70N), revealing the molecular basis for nucleotide exchange by Hsp110/Grp170 homologs. The structural analysis was accompanied by a comprehensive functional analysis of structure-based mutations in vitro and in vivo. Our results suggest a model for Sse1p function in which complex formation drives the nucleotide-dependent cycling of Hsp70 and direct substrate interactions of Sse1p may aid remodeling of the unfolded protein.
RESULTS

Sse1p-Hsp70N Complex Formation and Structure Determination
To define the requirements for Sse1p-Hsp70 complex formation, we incubated Sse1p with Ssa1N, the NBD of the yeast cytosolic Hsp70, Ssa1p. While almost no complex formation was detectable by size exclusion chromatography in the absence of nucleotide, Ssa1N coeluted with Sse1p upon incubation with ATP, and to a lesser extent with ADP (Andreasson et al., 2008 and data not shown). Size analysis of the respective fractions by free-flow electrophoresis followed by MALLS light scattering analysis indicated the presence of a binary complex of approximately 101.1 kDa (calculated value, 117 kDa; data not shown). We determined a dissociation constant (K D ) value of 0.4 mM for this complex ( Figure S1A and Supplemental Experimental Procedures available online), in good agreement with the K D of 0.1 mM reported for the interaction of the full-length proteins (Raviol et al., 2006b) . ATP-bound Sse1p accelerated the dissociation of the fluorescent nucleotide MABA-ADP from Ssa1N or full-length Ssa1p to a similar extent, indicating that the interaction of cytosolic Hsp110s with the NBD of Hsp70 is sufficient for binding and nucleotide exchange ( Figure S1B ). Nucleotide exchange was less efficient when Sse1p was ADP bound. Sse1p also formed a functional complex with the NBD of human Hsp70 (Hsp70N) (Figures S1B and S1C; Shaner et al., 2006) , reflecting the high degree of structural conservation of the NBD in Hsp70 proteins.
Crystals were obtained for a complex of Hsp70N and a truncated variant of Sse1p, Sse1-Dloop, in which the poorly conserved and presumably flexible insertion (residues 503-524) found in all Hsp110/Hsp170 homologs is replaced by the peptide linker sequence AGSD. Sse1-Dloop binds to Hsp70N and catalyzes nucleotide exchange on Hsp70N at a rate similar to that observed with full-length Sse1p and Ssa1p and thus is a fully functional NEF (Figures S1B and S1C). The structure was solved by Se-MAD, and the model was refined against isomorphous native data at 2.3 Å resolution to a crystallographic R factor of 19.7% (R free 24.4%) ( Table S1 ). The asymmetric unit contains two virtually identical copies of the complex (rmsd of Ca atom positions 0.71 Å ), for which the peptide backbones could be readily traced using the experimental electron density map. However, clear electron density could not be assigned to the non-natural linker sequence and to the C-terminal segment of Sse1p (residues 656-693), suggesting that these elements are unstructured. Electron density in the nucleotide-binding pocket of both Sse1p molecules could be unambiguously attributed to ATP in complex with Mg 2+ and K + ions, respectively.
Sse1p Stabilizes Hsp70N in an Open Conformation
The general domain organization of Sse1p corresponds to that of the canonical Hsp70 proteins, consisting of an N-terminal Hsp70/actin-type NBD, a b sandwich domain, and a C-terminal three helix bundle domain (3HBD) ( Figure 1A ). In the crystal structure, the latter two domains are arranged along the NBD and point into opposite directions. All interactions with the NBD of Hsp70 are mediated by the NBD and the 3HBD of Sse1p. Specifically, the NBDs of Sse1p and Hsp70 are oriented toward each other, with contacts between subdomains IIb and Ib, IIa and Ia, and Ib and IIb of Sse1p and Hsp70, respectively ( Figure 1C) . Furthermore, the 3HBD of Sse1p contacts subdomain IIb of Hsp70. As a consequence, subdomain IIb of Hsp70 is clamped between the 3HBD and the flank of subdomain IIb of Sse1p and rotated 27 sideways with respect to the rest of the NBD ( Figures 1A and 1E ). In this conformation, the binding sites for the adenosine moiety on subdomain IIb and the catalytic and triphosphate binding residues on lobe I of the Hsp70 NBD are moved apart, diminishing the affinity for adenine nucleotides and thus facilitating nucleotide exchange. This mechanism of nucleotide exchange resembles the conformational switch induced by GrpE in DnaK and by the BAG domain of BAG-1 in Hsc70 (Harrison et al., 1997; Sondermann et al., 2001) , although the conformational change in the Hsp70-binding partner is less pronounced in these complexes (14 rotation of subdomain IIb). In line with these findings, the Hsp70 NBD is stable against proteolysis in complex with Sse1p or BAG, while HspBP1, which operates by a different mechanism (Shomura et al., 2005) , induces a partially protease-sensitive conformation of the NBD (data not shown).
The Interface in the Sse1p-Hsp70N Complex The extensive protein-protein interface in the Sse1p-Hsp70N complex, burying 1760 Å 2 of surface on each binding partner, is mostly polar in character, including a large number of ordered water molecules in hydrogen bond contact to both proteins. The high S c value of 0.74, an overall measure of surface shape complementarity (Lawrence and Colman, 1993) , is comparable to that observed in stable protein complexes such as hemoglobin (S c 0.74). The closest interactions are found between the 3HBD of Sse1p and a helix 9 of Hsp70N ( Figure 2A diate additional hydrogen bonds between both partners. The side chain of Arg346 S flanks the nucleobase of ATP and forms a p-stacking interaction with the peptide bond between Gln33 H and Gly34 H . These close contacts of Hsp70 to the nucleotide and the nucleotidebinding residues in Sse1p can explain, at least in part, the requirement of nucleotide binding for the Sse1p-Hsp70 interaction.
A further area of close surface complementarity with Hsp70 was found at residues 364-367 in Sse1p, which contact the backbone of Hsp70 at residues 133 and 134 as well as the side chain of Tyr134 H ( Figure 2C ). At this interface, intramolecular hydrogen bonds of Thr365 S and Asn367 S appear to shape the surface of Sse1p into a conformation that cradles Tyr134 H . The contacts between subdomain IIb of Hsp70 and the NBD of Sse1p are less well defined. One notable exception is the conserved Lys262 S , which forms a salt bridge with Asp285 H . No contacts were found to subdomain IIa of Hsp70N.
The pattern of surface residue conservation in Hsp110 homologs generally corresponds with the residues important for complex formation with Hsp70, indicating that the Sse1p-Hsp70N structure represents a useful model for all Hsp110 homologs ( Figures 1C and 1D) . Likewise, the Hsp110-interacting residues in canonical eukaryotic Hsp70s are also highly conserved ( Figure S2 ). This explains why Hsp70N can substitute for Ssa1N with respect to Sse1p binding. In contrast, many of these Hsp70N residues are not conserved in Hsp110 homologs, thus presumably preventing the formation of nonproductive Hsp110 homodimers.
Conformational Features of Sse1p
Critical for NEF Activity Overall, the structure of Sse1p$ATP as observed in the complex with Hsp70N is closely similar to the recently solved structure of Sse1p$ATP alone (rmsd of 604 Ca positions 0.91 Å ) (Liu and Hendrickson, 2007) , indicating that Hsp70N binding causes only minor rearrangements in Sse1p ( Figure S3 ). The structure of Sse1p$ATP is characterized by a twisted arrangement of the two lobes of the NBD, in which subdomain IIb is significantly displaced when compared with the structure of the ADP-bound NBD of Hsc70 ( Figure 3A ) (Wilbanks and McKay, 1995) . Only this subdomain topology of the Sse1p-NBD appears to enable the intricate interactions with Hsp70N. The twisted lobe arrangement is stabilized by backbone contacts from both lobes to the g phosphate of ATP ( Figure S4 ) and by extensive interdomain interactions with the linker segment (residues 385-399), the b sandwich domain, and the N-terminal segment of the 3HBD. The importance of these contacts is underlined by the high sequence conservation of the respective residues ( Figure S5 ). The interface between the N-terminal segment of the 3HBD and the flank of lobe I in the NBD further ensures the correct positioning of the 3HBD and thus is probably critical for complex formation with Hsp70N. The core of this extensive interface is formed by buried polar interactions of residue Arg47 with Glu554 and Asp561 ( Figure 3B ). These interactions are flanked by large hydrophobic clusters. All of these residues are conserved among Hsp70/Hsp110 sequences, with the exception of Glu554, which is replaced by Ala in canonical Hsp70s and by larger hydrophobic residues, such as Leu and Val, in In (A)-(C), both protein backbones are shown in ribbon representation with the exception of regions involved in intermolecular contacts. These regions and the corresponding side chains are depicted in stick representation. Sse1p is enveloped in a transparent molecular surface to highlight the close surface complementarity. The color coding for molecular surfaces, backbone, and carbon atoms is identical to that in Figure 1A . Sse1p-bound ATP is represented in a ball-and-stick model with carbon atoms colored in yellow. Nitrogen and oxygen atoms are indicated in blue and red, respectively. Ordered water molecules bridging the binding partners are shown as beige spheres. Hydrogen bonds are represented as dashed lines. Key interacting residues are indicated. In all panels, unrelated obstructing features in the foreground were omitted for clarity. (D) Alignment of Hsp110, Hsp70, and DnaK amino acid sequences at the contact region between the 3HBD of Sse1p and subdomain IIb of Hsp70N. Contacting residues are indicated below the sequence with the interacting domain indicated by the color scheme used in Figure 1A . Notable differences in the consensus sequences for Hsp110s and canonical Hsp70s are boxed. An unabridged version of the alignment is shown in Figure S5 . (E) Sequence alignment of residues involved in the contact close to the nucleotide-binding pocket of Sse1p.
ER-resident Hsp110s ( Figure 3C and data not shown). Interestingly, in the PBD of the bacterial Hsp70, DnaK, the equivalent residues of the 3HBD bind to the b sandwich domain, thereby enclosing the bound substrate (Zhu et al., 1996) . The conserved Ala residue is buried at the interface and appears essential for this interaction, whereas residues with larger side chains might prevent closure of the lid. Thus, the stable intramolecular interaction of the lid domain with the NBD, which is likely required for efficient catalysis of nucleotide exchange, and the formation of a stably closed conformation of the PBD might be mutually exclusive features of Hsp110 and Hsp70 chaperones, respectively.
Mutational Analysis of Sse1p Nucleotide Exchange Function
In order to relate the structural data to biological function, we designed mutants of Sse1p and a cognate yeast Hsp70, Ssa1p, and analyzed them in different functional assays. Amino acid exchanges were chosen to target key features of the complex, namely (1) the nucleotide-binding pocket of Sse1p, (2) the areas of close surface contacts between Sse1p and Hsp70N (see Figure 2), (3) the interfaces between individual domains of Sse1p, and (4) the putative substrate-binding site in the b sandwich domain. Figure 4A provides an overview of the mutations introduced in Sse1p. Considering the large complementary interfaces between Sse1p and Hsp70N and the intimate domain-domain interactions within Sse1p, we preferentially introduced clusters of amino acid exchanges instead of single substitutions in order to effectively disrupt the observed interaction sites. Judging from the CD spectra and thermal melting curves, the Sse1p mutants (Wilbanks and McKay, 1995) . The domains in Sse1p are colored as in Figure 1A , and Hsc70N is represented in white. The rotation axis for reorientation of the lobes in Sse1p is indicated in red. ATP is shown as a space-filling model. To highlight lobe II and the linker, these two elements are represented as ribbons; the remaining backbone is shown as Ca trace. (B) Tight interactions between the N-terminal part of the 3HBD and the flank of lobe I in Sse1p. The buried polar interactions at the core of the interface are indicated by dashed lines. Key interacting residues are labeled. (C) Sequence alignment of the 3HBD segment contacting the NBD in the Sse1p and the b sandwich domain in the DnaK crystal structures (Zhu et al., 1996) . Contacting residues in Sse1p are indicated by arrowheads. At position 554 (Sse1p numbering) the consensus sequences for Hsp110s and canonical Hsp70s differ systematically.
are similar to unmodified Sse1p in structure and stability ( Figures S6 and S7) .
The relative binding efficiencies of Sse1p mutants for Ssa1N were estimated by size exclusion chromatography (Figures 4B). Mutations targeting the Sse1p-Hsp70N interface (Sse1-2, Sse1-3, Sse1-4, Ssa1N[Q31A], and Ssa1N[A300E]) reduced binding to a low basal level. This suggests that the interface of the endogenous Ssa1p-Sse1p complex is presumably very similar to that seen in the structure of the Hsp70N-Sse1p complex. Furthermore, the structural integrity of Sse1p appears to be essential for the high-affinity interaction with Hsp70, as the Sse1p mutants affecting the domain-domain interfaces, Sse1-5, Sse1-7, and Sse1-8, showed significantly diminished complex formation. In contrast, ATP hydrolysis, which is abolished in the point mutant Sse1-1 (Raviol et al., 2006a) , proved to be dispensable for complex formation. Mutations in the b sandwich domain of Sse1p (Sse1-9 and Sse1-10) did not impair binding to Hsp70N, consistent with the structural data ( Figure 4B) . NEF activity was analyzed by determining the rate constants for the dissociation of the fluorescent nucleotide MABA-ADP from Hsp70 upon addition of an equimolar concentration of the respective Sse1p mutant (Figures 4C and S8) . The results for the various mutants showed the same trend irrespective of whether full-length Ssa1p or Hsp70N was used as the interaction partner, confirming that the interactions in the endogenous complex are very similar to those observed in the crystal structure.
Mutants Sse1-2 and Sse1-8 accelerated nucleotide exchange only slightly over the spontaneous rate. The same was observed upon interaction of wild-type Sse1p with the Ssa1p mutant A300E ( Figure 4C ). This indicates that the interaction between subdomain IIb of the canonical Hsp70 and the 3HBD of Sse1p (Figures 2A and 4A) is critical for nucleotide exchange activity, as predicted from the structural analysis. Interestingly, the Sse1p mutations targeting the NBD-NBD interface (Sse1-3 and Sse1-4) lowered the rate of nucleotide exchange to a lesser extent ( Figure 4C ) than expected from their greatly reduced Ssa1N binding ( Figure 4B) . Similarly, the mutation Q31A in Ssa1p (corresponding to Hsp70 Q33), which disrupts the direct contact to the Sse1p-bound nucleotide, had a relatively mild effect on the nucleotide exchange rate ( Figure 4C ). Thus, stable binding of Hsp70 to Hsp110 appears to be dispensable for efficient nucleotide exchange, suggesting that complex formation provides the basis for additional cooperative functions of Ssa1p and Sse1p in protein folding. As shown in Figure 4D , the combination mutants Sse1-(2+3) and Sse1-(2+4) have similarly low nucleotide exchange activities as mutants Sse1-2 and Sse1-8 when applied at an equimolar ratio to Ssa1p but could be distinguished when used at higher concentrations. While a 10-fold molar excess of Sse1-2 or Sse1-8 accelerated nucleotide exchange roughly by a factor of 10, a 10-fold excess of Sse1-(2+3) or Sse1-(2+4) did not lead to a significant acceleration in MABA-ADP release. Thus, multiple mutations at the binding interface are apparently required to efficiently disrupt the distributed interactions in the Sse1p-Ssa1p complex. Mutation of the linker-NBD interface of Sse1p (Sse1-5, Figure 4A ) also strongly attenuated nucleotide exchange (Figures 4C and 4D ). Since the respective mutation site is remote from the Hsp70 interaction interface, this effect is likely to be indirect. The decrease in nucleotide exchange efficiency might be caused by a destabilization of the twisted, ATP-bound conformation of the NBD. The other domain-domain interface mutants (Sse1-6 and Sse1-7) as well as Sse1p variants with mutations directed at the putative peptide-binding site (Sse1-9 and Sse1-10) exhibited nucleotide exchange activities more similar to unmodified Sse1p. Consistently, combining mutations 9 and 10 with mutation 2 (Sse1-[2+9] and Sse1-[2+10]) did not significantly aggravate the nucleotide exchange defect of Sse1-2 alone ( Figure 4D ).
Mutational Analysis of Sse1p Function in Protein Folding
Hsp70-assisted protein folding is thought to occur in nucleotidedependent cycles of substrate binding and release (Hartl and Hayer-Hartl, 2002; Mayer and Bukau, 2005) . In order to assess whether nucleotide exchange triggered by Sse1p results in increased substrate turnover by Ssa1p, we measured the release of the fluorescently labeled substrate peptide D-NR (dansyl-NRLLLTGC) from Ssa1p by stopped-flow mixing experiments. Dissociation of D-NR from Hsp70 in the presence of excess unlabeled peptide (NR) results in a fluorescence decrease (Dragovic et al., 2006) . The spontaneous dissociation of D-NR from the ADP complex of Ssa1p was very slow ( Figure 5A ). ATP strongly increased the dissociation rate, consistent with the conversion of Ssa1p into a structural state with a high off-rate for peptide. Notably, in the presence of Sse1p, dissociation of D-NR was further accelerated 7-fold, although nucleotide exchange was accelerated 90-fold under the same conditions ( Figures 4C and 5A ). Accordingly, Sse1p mutants with a mild NEF defect were still able to stimulate peptide release like wild-type Sse1p, as shown for Sse1-3 ( Figure 5A ). However, in mutants with severely impaired NEF activity, nucleotide exchange became rate limiting for peptide release. For these mutants, the acceleration of MABA-ADP release from Ssa1p correlated with the acceleration of peptide dissociation: for example, Sse1-2 stimulated both the release of MABA-ADP and peptide release 5-fold over the spontaneous rates ( Figures 4D and 5A) .
In order to investigate how Sse1p contributes to Hsp70-assisted protein folding, the thermo-labile protein firefly luciferase was employed as a model substrate (Dragovic et al., 2006) . Luciferase was denatured at 42 C in the presence of Ssa1p, and refolding was initiated by addition of ATP and Ydj1p at 30 C. Within 40 min of incubation, luciferase refolded to 23% of the value prior to denaturation ( Figure 5B ). When substoichiometric amounts of Sse1p were added together with ATP and Ydj1p, refolding was accelerated and the folding yield increased to 33% ( Figure 5B) . A maximum 3-fold acceleration of folding was reached at a ratio of Sse1p:Ssa1p of 1:6, whereas equimolar concentrations of Sse1p inhibited refolding, suggesting that Hsp70 cycling was no longer productive ( Figure S9) .
The Sse1p mutants were tested under conditions where the wild-type protein was most efficient in luciferase folding (see Figure S10 for a comprehensive presentation of the refolding data). The most severely nucleotide exchange-defective mutants Sse1-(2+3), Sse1-(2+4), and Sse1C (the C-terminal fragment of Sse1p corresponding to the PBD of canonical Hsp70s; Dragovic et al., 2006) did not improve luciferase refolding compared to Ssa1p and Ydj1p alone ( Figures 5B and 4D ). This suggests that catalysis of nucleotide exchange and the resulting acceleration of substrate release from Hsp70 is the most important function of Sse1p in refolding. In support of this conclusion, mutants retaining weak NEF activity ( Figure 4D ), including Sse1-2, Sse1-8, and Sse1-5, were still able to partially increase the rate and yield of refolding, consistent with their ability to substantially accelerate peptide release from Ssa1p (Figure 5A ). Thus, a small increase in nucleotide exchange over the spontaneous rate may be sufficient to cause a noticeable acceleration of protein folding. On the other hand, the combination mutants Sse1-(2+9) and Sse1-(2+10) were almost inactive in refolding ( Figure 5B ), although their exchange activity was comparable to that of the partially folding-active mutants Sse1-2 and Sse1-8 ( Figure 4D ). Mutations 9 and 10 are located in the b sandwich domain and may affect the ability of Sse1p to interact with non-native luciferase. Substrate interactions mediated by the b sandwich domain of Sse1p may contribute to efficient folding in addition to the nucleotide exchange function. In further support of this possibility, the fully nucleotide exchange-active mutant Sse1-Dloop ( Figure 4C ), which also affects the b sandwich domain, displayed only partial refolding activity ( Figure 5B ).
All other mutants with normal or mildly reduced NEF activity, including Sse1-1 (Figure 4C ), supported refolding with efficiency similar to that of wild-type Sse1p, indicating that stimulated nucleotide exchange was faster than the limiting step in protein folding. Since Sse1-1 is unable to hydrolyze ATP (Raviol et al., 2006a) , nucleotide cycling by Sse1p is apparently not required for Sse1p function in protein folding.
Sse1p Prevents Protein Aggregation at Elevated Temperature
Similar to other members of the Hsp110 protein family, Sse1p was reported to efficiently prevent the aggregation of heat-denatured luciferase in vitro (Goeckeler et al., 2002) . We confirmed that Sse1p can maintain the denatured protein in a refoldingcompetent state. When luciferase was thermally denatured at 42 C in the presence of Sse1p/ATP, followed by the addition of Ssa1p and Ydj1p at 30 C, 27% of the initial luciferase activity was restored ( Figure S11 ). Using BSA (with ATP) as a nonspecific control protein, only a small fraction of luciferase (5%) regained activity upon addition of Ssa1p and Ydj1p. Interestingly, CD measurements showed that Sse1p in the presence of ATP undergoes a reversible structural rearrangement upon heating with a midpoint at 39
C, at which 15% of a-helical structure is lost ( Figure S7 and Raviol et al., 2006a) . Provided that the transition also occurs in the presence of substrate protein and Ssa1p, this conformational change may expose additional regions in Sse1p for substrate binding. Consistent with this notion, a less cooperative thermal transition in the mutant Sse1-5 was accompanied by a loss of function in stabilizing luciferase against heat denaturation ( Figures S7 and S11 ). All other point mutants studied preserved the cooperative thermal transition and were clearly more effective than BSA in stabilizing luciferase in a folding-competent state (Figures S7 and S11) . Interestingly, the C-terminal fragment of Sse1p, Sse1C, corresponding to the PBD in canonical Hsp70s, failed to increase the refolding yield above background. Addition of wild-type Sse1p during refolding did not correct this functional defect, indicating that it was not simply caused by the absence of NEF activity in Sse1C ( Figure S11 ). Thus, while possibly contributing to substrate binding in the context of Hsp70-mediated protein folding, this segment of Sse1p does not appear to be sufficient for substrate stabilization under heat shock conditions.
Functionality of Sse1p Mutants In Vivo
To assess the functionality of Sse1p mutants in vivo, we tested the ability of the mutant proteins to complement the lethal phenotype of the combined deletion of sse1 and sse2 in yeast cells. Only mutants sse1-(2+3) and sse1-(2+4) were unable to complement the Dsse1Dsse2 double deletion under normal growth conditions ( Figure 6A ). In these mutants, two contact sites with Hsp70 are disrupted, resulting in severely reduced complex formation with Hsp70, consistent with the finding that Sse1-(2+3) and Sse1-(2+4) have the lowest NEF activities among all mutants tested in vitro ( Figure 4D) . Thus, the NEF activity of Sse1p is likely to be critical for cell survival.
All other sse1 mutants analyzed grew comparable to wildtype yeast at 30 C and could only be further differentiated at an elevated growth temperature of 37 C ( Figures 6B and  S12A ). Under these conditions, the mutant proteins were present at a level similar to endogenous Sse1p in wild-type cells and were of comparable stability ( Figures S12B and S13) . At 37 C, cells expressing sse1-2 or sse1-8 exhibited a pronounced growth defect. Both mutations are expected to interfere with the crucial interactions between the 3HBD of Sse1p and subdomain IIb of Ssa1p ( Figure 4A ), strongly impairing nucleotide exchange. An even more severe growth defect was observed in the strains expressing sse1-(2+9) or sse1-(2+10), which combine mutation 2 with mutations 9 and 10 in the putative PBD (Figure 6B) . As cells expressing mutants sse1-9 and sse1-10 showed no growth defects, impairment of substrate binding by Sse1p may affect cell growth only when combined with a strong defect in the nucleotide exchange function.
In summary, these findings suggest that the regulation of Hsp70 cycling by Sse1p is critical for yeast growth. Higher cycling rates may be required at elevated growth temperature, consistent with the need to increase protein flux through the Hsp70 chaperone system under stress conditions.
DISCUSSION
In the present study, we performed a structural and biochemical analysis of the complex between the yeast Hsp110, Sse1p, and Hsp70. Our results lead to a model describing the functional cooperation of Hsp110 and Hsp70 homologs in the cytosol and ER of eukaryotic cells. The main function of Hsp110 is apparently the catalysis of nucleotide exchange on Hsp70, thereby increasing the rate of Hsp70-assisted protein folding and perhaps of other Hsp70-dependent processes. These reactions are likely supported by direct interactions of Hsp110 with non-native substrate proteins (Figure 7 ).
Structure and Function of the Hsp110-Hsp70 Chaperone System
In the crystal structure, the NBD of Hsp70 is embraced by the NBD and the 3HBD of Sse1p. This arrangement leads to an opening of the nucleotide-binding cleft of Hsp70 and can explain why almost the entire length of the Sse1p sequence is required for complex formation (Dragovic et al., 2006; Shaner et al., 2004) . The importance of the interaction between the NBD of Hsp70 and the 3HBD of Sse1p is highlighted by the severe In principle, Hsp110 proteins may contribute to assisted protein folding through different mechanisms, dependent on the nature of their interaction with Hsp70: A transient interaction that merely triggers nucleotide exchange would enable the rapid conformational cycling of Hsp70 and thus support efficient substrate binding and release for folding. Alternatively, the two chaperones may provide a platform for the conformational remodeling of substrates. According to our mutational analysis, the cooperation of Hsp110 and Hsp70 can be best described by a combination of both models, with the NEF activity being the major function of Hsp110. The Sse1p mutants with severely reduced NEF activity failed to complement the synthetic lethality of the Dsse1Dsse2 deletion and did not accelerate luciferase refolding. Mutants with a milder NEF impairment still supported normal growth of yeast at 30 C but not 37 C and were partially functional in refolding in vitro. The reduced NEF activity of these mutants may limit the flux of substrates through the Hsp70 system under heat stress, consistent with the observation that deletion of sse1 causes a mild stress response already at 30 C (Liu et al., 1999) . The dynamic character of the interaction between Hsp110 and Hsp70 is underlined by the finding that optimal refolding occurs only at substoichiometric concentrations of Sse1p relative to Ssa1p, reflecting the molar ratio of the proteins in vivo (Ssa1/2: Sse1/2: Ydj1 = 16: 2: 3; Ghaemmaghami et al., 2003) . In contrast, high concentrations of Sse1p that favor a constitutive complex with Ssa1p inhibit refolding in vitro, consistent with a slow growth phenotype caused by overexpression of Sse1p (Shaner et al., 2004) .
Interaction with Unfolded Proteins
Sse1p efficiently stabilized thermally denatured luciferase in a folding-competent state, demonstrating the ability of Hsp110 to interact with unfolded proteins as a chaperone. It seems possible that elevated temperature activates this holdase function of Sse1p, as ATP-bound Sse1p undergoes a cooperative conformational transition with a midpoint at 39 C in vitro (Figure S7) . While the physiological significance of this conformational change remains to be determined, our analysis of Sse1p mutants indicated that parts of Sse1p outside the b sandwich domain contribute to substrate binding under these conditions. On the other hand, indirect evidence for a role of the b sandwich domain in interacting with substrate was provided by the finding that mutations in this region aggravated the functional defects of partially NEF-deficient Sse1p mutants. However, the b sandwich domain is relatively poorly conserved in Hsp110 proteins, in contrast to the high degree of conservation of the PBDs of canonical Hsp70s, and thus may not contain a typical Hsp70-like peptide-binding region. With the exception of the Hsp70 interface, surface residues are not well conserved among Hsp110 family members, but we note that the Sse1p structure provides a groove-like indention running between domain protrusions that could possibly accommodate exposed a helices or b hairpins in partially unfolded substrates ( Figure S14 ).
Does Sse1p Function Require Conformational Cycling?
In the case of canonical Hsp70s, ATP binding and hydrolysis drive well-defined conformational transitions (Rist et al., 2006; Swain et al., 2007) . In apparent contrast, the nucleotide-binding pocket of Sse1p in the complex with Hsp70N is occupied with nonhydrolyzed ATP. We analyzed two Sse1p mutations, D396A (Sse1-6) and K69M (Sse1-1), for which corresponding mutations in canonical Hsp70s result in impaired allosteric regulation. While mutation D393A in DnaK, the equivalent of Sse1-6, Recruitment of Hsp70 (red) to unfolded substrate protein (green) is assisted by J-domain proteins (Hsp40, orange; step 1). Complex formation between Hsp70 and Hsp110 (blue) displaces ADP from the Hsp70 partner (step 2). Direct substrate binding to Hsp110 may provide an anchor aiding the unfolding of kinetically trapped intermediates through thermal motions of the PBD of Hsp70. Finally, upon binding of ATP to Hsp70, the Hsp70-Hsp110 complex dissociates and the substrate protein is released for folding (step 3). The green circle indicates natively folded substrate protein.
is known to severely perturb domain-domain communication (Vogel et al., 2006 ), Sse1-6 was functionally similar to the wild-type protein. Moreover, the ATPase inactive mutant K69M of Sse1p was fully active in luciferase refolding and supported normal yeast growth. The occurrence of leucine or glutamine residues at the corresponding position in several ER homologs of Hsp110 suggests that these proteins are naturally ATPase deficient. ATP hydrolysis and associated allosteric rearrangements thus seem dispensable for the functional cycle of Sse1p, including the step of Hsp110 dissociation from Hsp70.
Model for Hsp110-Hsp70 Cooperation in Protein Folding
In the accepted model of the Hsp70 reaction cycle, unfolded proteins are recognized and recruited to Hsp70 with the help of J-domain (Hsp40) proteins. J-domain proteins appear to employ a binding site on Hsp70 distinct from that of Hsp110 (Figure S15 ). Both, substrate and J-domain binding are known to trigger ATP hydrolysis on Hsp70 (Mayer and Bukau, 2005) . As a consequence, Hsp70 undergoes a dramatic structural rearrangement leading to a conformation in which the PBD adopts a closed state that binds substrate tightly (Figure 7, step 1) . Subsequent association of Hsp110 with Hsp70 induces ADP release from Hsp70 (step 2). Upon binding to Hsp70, Hsp110 might interact with the unfolded substrate protein directly, provided it is of sufficient size and exposes structural elements that are recognized by Hsp110. Simultaneous association of substrate protein with both chaperones might further promote Hsp70-Hsp110 complex formation. In the ternary complex, the folding of larger multidomain proteins with a propensity to undergo intramolecular misfolding may be facilitated. Large-scale thermal motions of the Hsp70 PBD, which is linked loosely to the NBD in the ADPbound and presumably also in the nucleotide-free state (Chang et al., 2008; Rist et al., 2006; Swain et al., 2007) , might aid the remodeling of misfolded or kinetically trapped substrates held by Hsp110. Finally, ATP binding to Hsp70 would cause the dissociation of the Hsp70$ATP-substrate complex from Hsp110 and the dissociation of substrate from Hsp70, allowing partial or complete folding (step 3). Incompletely folded protein may rebind to Hsp70 for a new folding cycle (step 1).
EXPERIMENTAL PROCEDURES Plasmids and Proteins
Plasmid constructs as well as expression and purification protocols for the proteins used are described in the Supplemental Experimental Procedures.
Crystallography and Structure Analysis
The native as well as the selenomethionine-labeled complexes of Sse1-Dloop (in which residues 503-524 are replaced by the sequence AGSD) and Hsp70N (residues 1-382) were formed by mixing equimolar amounts of the purified proteins in the presence of excess ATP. Free ATP and unbound Hsp70N were removed by gel filtration on Superose 12 using HKM2 buffer (150 mM KCl, 1 mM MgCl 2 , 10 mM HEPES-KOH pH 7.5). Fractions containing the complex were pooled, concentrated, and supplemented with Complete protease inhibitor (Roche). Crystallization of this complex, structure determination by Se-MAD, and methods for model building, refinement, and analysis are described in the Supplemental Experimental Procedures.
Sse1p-Ssa1N Binding
To estimate the relative binding affinity of Sse1p variants for Ssa1N, the proteins (17.2 mM each) were mixed with 40 mM ATP in a total volume of 30 ml of HKM2 buffer and applied to an analytical Superose 12 column (GE Healthcare) operated at room temperature in the same buffer. Fractions of 50 ml were collected and analyzed by SDS-PAGE and densitometry.
Nucleotide and Peptide Release
Release kinetics of the fluorescent nucleotide analog MABA-ADP and of the fluorescent peptide probe dansyl-NRLLLTGC (D-NR) from Hsp70 were recorded with a SX.18V stopped-flow instrument (Applied Photophysics, Surrey, UK) as previously described (Dragovic et al., 2006) . 2.5 mM Ssa1p$MABA-ADP or Ssa1p$ADP$D-NR complex were mixed at 30 C with 2.5 mM Sse1p variant and 250 mM ATP or 2.5 mM Sse1p variant, 250 mM ATP, and 250 mM unlabeled NR, respectively (see the Supplemental Experimental Procedures for details).
Luciferase Refolding
Firefly luciferase (100 nM) was incubated in buffer R (25 mM HEPES-KOH pH 7.8, 50 mM KCl, 5 mM MgOAc, and 1 mM DTT) at 42 C in the presence of 3 mM Ssa1p for 10 min. Refolding was initiated by addition of 3 mM Ydj1p, 0.5 mM Sse1p variant, and 3 mM ATP at 30 C. At the indicated time points, 1 ml aliquots were mixed with 20 ml of buffer R supplemented with 3 mM ATP and 1 mg/ml BSA. After addition of 50 ml of luciferase assay reagent (Promega), activity was determined in a luminometer (Berthold LB 9507) with the 100% value corresponding to the enzyme activity of native luciferase in buffer R/3 mM ATP prior to heating.
Yeast Complementation Assay
The coding regions for Sse1p variants were cloned into the plasmid pRS415ADH. The resulting plasmids were transformed into a Dsse1Dsse2 strain of S. cerevisiae containing the plasmid pCM189-SSE1-URA3, which was subsequently removed by cultivation on SD minimal medium containing 5-FOA and uracil (see the Supplemental Experimental Procedures for details).
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